Introduction

36
As a new type of heat transfer medium, nanofluids have been attracting tremendous 37 attention in the field of thermal science and engineering in recent years due to their high thermal 38 conductivity, unique colloidal property and heat transfer behaviors [1] [2] [3] [4] [5] [6] [7] [8] . Numerous researchers 39 have conducted investigation into the heat transfer enhancement including single phase and 40 phase change heat transfer using nanofluids [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . In particular, the nucleate boiling heat 41 transfer characteristics in confined spaces are of great interest to removing high heat flux in the 42 microelectronic system, laser devices, green and highly efficient lighting with limited cooling 43 spaces. Although a large number of researchers have investigated on the pool boiling heat 44 transfer characteristics with plenty kinds of nanofluids in unconfined spaces, there lacks study of 45 the characteristics of nucleate boiling heat transfer using the multi-walled carbon nanotubes 46 (MWCNTs) nanofluid in confined spaces at sub-atmospheric pressures. Therefore, it is essential to conduct experimental investigation on the relevant topic. 48 Nanofluids which possess application prospects in the heat transfer field were firstly 3 proposed by Choi [1] in 1995. From then on, numerous studies of heat transfer of nanofluids 50 have been conducted to understand and explore their fundamentals and applications. The 51 suspension stability and thermal conduction mechanism of nanofluids were studied by Xuan et al. 52 [2], Assael [3] and many other researchers [4, 5] . Hwang et al. [6] prepared four kinds of 53 nanofluids using MWCNTs, CuO and SiO 2 nanoparticles. They found that the thermal 54 conductivity of nanofluids was higher than its base fluid and the thermal conductivity of 55 MWCNTs nanofluid was the highest than other nanofluids under the same concentration. 56 As a new research frontier, nanofluids two phase flow and thermal physics is the subject of 57 growing concern [7, 8] . Investigation into the nanofluids phase change phenomena and 58 complicated heat transfer mechanisms have intensively been performed over the past decade. 59 Most researchers have found that the mechanisms of pool boiling heat transfer of nanofluids are 60 different from those of conductive and convective heat transfer of nanofluids [11] [12] [13] . Yang and 61 Maa [14] are possibly the first to conduct pool boiling experiments using nanofluids. Their out by Cheng and Liu [7] , there are still challenges to understand the boiling phenomena of 87 nanofluids and their heat transfer mechanisms. Great effort should be made to achieve the 88 complete and systematic knowledge in this aspect. In particular, it's still necessary to investigate 89 and understand the heat transfer mechanisms through well designed and careful performed 90 experiments and theoretical analysis. 91 Furthermore, the confined heat sink can be traced back to the ribbed radiator of CPU etc. In 92 order to reduce the space and improve the heat efficiency of heat exchanger, flat plate heat pipe 93 thermal spreader replaces the traditional radiator. The boiling in confined space condition just 94 happens in this kind of heat pipe. Rops et al. [21] analyzed the nucleate boiling heat transfer on a 95 spatially confined surface. They found that the depth of the boiling pot, the material of the 96 bounding wall and the diameter of the inlet water supply didn't affect the enhancement of boiling 97 heat transfer. Zhang et al. [22] reported an experimental investigation of phase-change 98 phenomena in a small confined space. In the study, the boiling and condensation possessed 99 5 dramatically impacted each other and the bubbles were limited not only by the distance between 100 boiling and condensation surface, but also by the condensation process. Liu and Yang [23] 101 observed that the boiling heat transfer characteristics were affected by lots of factor in confined 102 space, especially vapor blowing, liquid suction and vapor waving resistance. They also found the 103 enhancement ratio of heat transfer coefficient reduced by the condition of decreasing boiling 104 space or increasing heat flux. However, the study of boiling heat transfer using nanofluids in 105 confined spaces at sub-atmospheric pressures is very limited in the literature so far. Using 106 nanofluid as working fluid seems a promising method of improving the heat transfer 107 performance. The study on the mechanism of boiling heat transfer in confined with nanofluids is 108 helpful to the application of nanofluids. Therefore, it is necessary to conduct the relevant study in 109 this aspect.
110
The objectives of this paper are to experimentally investigate the complicated nucleate 
Characterization of the MWCNTs
122
The multi-walled carbon nanotube nanoparticles were manufactured by Beijing DK Nano 
186
The condensation system comprises a condensation chamber, a copper sheet and a 187 thermostatic water container. Water in the thermostatic container was maintained at a constant 188 temperature of 12℃ and used to condensate the vapor generated in the test chamber. The 189 vacuum device is used to remove the gas in the boiling test chamber before fill up the working 190 fluid and maintain a sub-atmospheric pressure condition specified in the boiling experiments.
191
The chamber wall between two copper sheets is made of a quartz window which is used for the 192 visualization of the boiling process using the high-speed video camera. 
. Experimental procedure
218
To conduct the boiling experiments, first, the vacuum system was run for more than 30 219 minutes to make the test chamber at a sub-atmospheric condition. Second, the working fluid was 220 pumped into the test chamber. Following this, the vacuum device was operated again to 221 discharge the dissolved gas escaped from the working fluid and an operation pressure of 1×10 
where λ is the thermal conductivity of the copper heater, dT/dz is the average temperature 244 gradient calculated according to the measured temperatures T 1 , T 2 , and T 3 as indicated in Fig. 4, z 11 is the axial distance between the two temperature measurement points. The calculated value of 246 heat flux is slightly lower than the power supply within 7%.
247
The boiling surface temperature of the test section T w is determined using one dimensional 248 conduction heat transfer along the vertical direction of the copper heater as:
250
To evaluate the enhancement of the nucleate boiling heat transfer of the nanofluids, the heat 251 transfer coefficient enhancement ratio is defined as: 
The uncertainly of thermal conductivity could be negligible, because the heater is processed 265 by a piece of standard copper. The result of microscopic photograph by ×80 SEM in Fig. 6(b) shows the rough surface of 296 deposition with pits and bulges. Fig. 6 
16
The conditions of the nanofluids before and after the boiling processes were compared with 365 each other as to understand how the boiling process affects the nanofluid. Figure 11 shows the 366 photographs of the MWCNTs nanofluid before and after boiling processes. Figure 11 The different boiling patterns at a higher heat flux are shown in Fig. 13 (b) . It shows that 416 more than one bubble generated from the boiling surface and grew bigger rapidly, and then the 417 bubbles departure becomes fast. New bubbles generated immediately when the previous bubbles 418 just left and the heat transfer becomes stable. Shoghl et al. [20] proposed the effect of both 419 deposition surface and properties of nanofluids influenced the boiling heat transfer coefficient. 
Conclusions
426
In the present study, first, stable and uniform nanofluid preparation technology is introduced. Table 1 Parameters of multi-walled carbon nanotube nanoparticles. Table 2 The summary of measurement uncertainties Fresh prepared nanofluids and (b) Nanofluids after standing for three months. 
